In many applications, sediment is often represented by a single grain size (usually the mean) but all natural sediments comprise distributions of sizes. For such sediments, the porosity, φ, and the permeability, k, vary non-linearly with the proportion of each grain size component (Kamann, et al., 2007) . Figure 1 illustrates this for bimodal mixtures of coarser and finer grains. This figure shows that as the proportion of finer grains increases from zero, φ and k decrease as pore spaces between coarser grains become increasingly filled with finer grains. If the finer grains are smaller than the pores among the coarser grains, they can occupy those pores without disturbing the packing (coarse packing). Otherwise, individual finer grains prevent the coarser grains from attaining the packing they would have in the absence of the finer grains (disturbed coarse packing). When the volume content of finer grains equals the φ of the coarser grains alone, φ and k are at a minimum. At still higher proportions of finer grains, coarser grains are individually supported by a matrix of finer grains (fine packing). In this case, the coarser grains act as non-porous, non-permeable "baffles." As the proportion of finer grains increases beyond this point, φ and k increase because the volume of such baffles decreases.
Focusing on φ, it is known that mixtures of uniform spheres with two grain sizes do not pack as ideal coarse packing or ideal fine packing (Koltermann and Gorelick, 1995) . Though one type of packing may dominate, regions of different packing occur and the minimum φ is not as low as that in ideal mixtures (i.e. uniform packing). (Kamann et al., 2007 , as modified from Koltermann and Gorelick, 1995) .
There is no practical way to determine the relative volumes of each packing arrangement, and models for porosity cannot be derived from first principles (Koltermann and Gorelick, 1995) . Models for porosity in sediment mixtures are empirical. As Figure   1B suggests, piecewise-linear interpolation works well. For a two-component model, Kamann et al. [2007] showed that the following piecewise-linear function works well:
where φ f is the porosity of the finer component only, φ c is the porosity of the coarser component only, φ min is the porosity minimum at which the volume of fines is equal to the pore volume of the coarse grains. These three values must be known. (Yu and Zou, 1998) . On each axis is the percent volume of each component.
Again, empirical models based on piecewise-linear interpolation work well.
Regression approaches that have been published (Standish and Yu, 1987; Yu and Zou, 1998) require knowing φ at seven points on the ternary axes: φ f , φ c , φ m which is the porosity of the medium component, φ min(fc) which is the porosity minimum on the finecoarse axis (the global minimum), φ min(fm) which is the porosity minimum on the finemedium axis, φ min(mc) which is the porosity minimum on the medium-coarse axis, and φ f=m=c which is the porosity of the mixture of 33.3 % of each component.
One goal of this study was to develop a more parsimonious piecewise-linear model than in prior approaches. The approach of this study was to use piecewise-planar models as illustrated in Figure 3 . The two-plane model ( Figure 3A [14]
The methods used to evaluate each of these models are given in the next section.
Permeability can be modeled in two-component sediment mixtures quite well by a form of the Kozeny-Carman equation:
where k is the estimated intrinsic permeability of the sediment mixture and d is the representative grain diameter of the sediment mixture. In two-component mixtures, the harmonic mean is used when ξ f ≥ φ c and the geometric mean is used when ξ f < φ c . φ can be a measured value, or one of the φ models given above (Koltermann and Gorelick, 1995; Kamann et al., 2007; Phillips, 2007; and Conrad et al., 2008) .
Note that Chapuis and Aubertin [2003] have also considered using the Kozeny- We applied a logical extension of Koltermann and Gorelick's [1995] approach to using the Kozeny-Carman equation (Equation 15) to three-component sediment mixtures.
Parameter d is computed in two recursive steps based on two conditions. Condition A is The example in Figure 4 is for a mixture of three sizes of spheres. Spheres of one size, when stirred under friction, have a porosity of 0.4 (Gray, 1968; German, 1989; Kamann et al., 2007) and thus φ f = φ m = φ c . In this case, if A is true, then B must be true so there are only three regions possible. Spheres were used as model sediment in this study as described in the next section. The methodologies used in this study are generally consistent with those of Kamann et al. [2007] . Porosity and permeability were experimentally determined for sediment mixtures in which the volume fractions of components were systematically varied. These data were then used as the basis for assessing the models. Spherical sandblasting beads were sorted into fine, medium, and coarse sand sizes, as in Table 2 . The beads were sorted into the narrowest range possible with commercially available sieves. The coarse sand has a diameter that is retained between 0.590 and 0.710 mm sieve screens, the medium sand is retained between 0.350 and 0.420 mm sieve screens, and the fine sand fits between 0.148 and 0.177 mm sieve screens. Note that a fine-coarse sand mixture allows for ideal coarse packing, but that a fine-medium or medium-coarse sand mixture will cause disturbed packing (Kamann et al., 2007) .
POROSITY MEASUREMENT
To measure effective porosity, a burette was used to decant water into the sediment sample. The test chamber (a beaker of appropriate size) was held in a tilted orientation, allowing the water to displace the air in the sample pores. A premixed volume of 100 cm 3 (i.e. V f +V m +V c = 100 cm 3 ) was used for all sand-sized mixtures, and measured the postmixed volume V T . Porosity was computed from the ratio of the volume of water required to saturate the pores per V T . Kamann et al. [2007] already measured porosity in two-component mixtures of these grain sizes. Five test points were selected that contain three components as given in where A is the cross-sectional area of the sample and g is acceleration due to gravity.
Measurements were collected three consecutive times for each of three different gradients for each of three samples. Thus, measurements were collected 27 times for each test point in Table 3. 3.0 RESULTS AND DISCUSSION
POROSITY MODEL RESULTS AND DISCUSSION
The measured φ are tabulated in Table 4 . The right-hand column indicates which are used to define the two-, four-, and six-plane models (control points). Model φ are compared to the measured φ in Figure 5 . The models are exact linear interpolators, giving the values of the control points at those mixture percentages. None of these control points were used in evaluating the models.
All of the models have a bias that give φ higher than observed. The root mean of 
PERMEABILITY RESULTS AND DISCUSSION
The measured k values are tabulated in The k model was then computed using the different φ models, and in each case again using the recursive method of computing d. The results using the two-plane φ model are given in Figure 8A . The results using the four-plane φ model are given in Figure 8B . The results using the six-plane φ model are given in Figure 8C . The results of this sensitivity analysis appear in Table 6 . The results show that the Kozeny-Carman model is about ten times more sensitive to φ than d.
CONCLUSIONS
The results of this study show: Once the material is sieved and separated, the desired mixtures can be created by first measuring the appropriate premixed volume fractions of each component (ξ f , ξ m , and ξ c ), combining the mixture's constituents in a grounded mixing bowl (to prevent the accumulation of electrostatic charge which results in the formation of grain aggregates), then stirring for approximately two minutes with a wooden spoon as per Conrad [2006] .
This material is then transferred to a graduated cylinder with 1 mL graduations, packed with a rod measuring 0.05 cm in diameter (to facilitate volume reduction), and V T is measured. Once this quantity is known, the mixture can be transferred to the appropriate test chamber and the experiment run. In porosity experiments using sand-sized media only, a premixed sample volume of 100 cm 3 is used. In porosity experiments in which there are pebble-sized sediments, 400 cm 3 is the appropriate sample size (Conrad, 2006) .
APPENDIX D: Detailed Porosity Procedures
Similar to the methods of Kamann et al. [2007] and Phillips [2007] , a water saturation method was used to measure effective porosity. The significant difference, however, is that my method uses a burette to decant water into the test mixture. The burette's finer graduations (0.1 mL) add more certainty to the porosity measurements.
The apparatus used appears in Figure D1 . Conrad [2006] asserted that a representative elementary volume of 100 cm 3 (premixed) of sediment should be used for the porosity measurements when the mixture's components are all sand-sized while 400 cm 3
(premixed) should be tested when it is a sand/gravel mixture. Subscribing to this practice, I used a premixed volume of 100 cm 3 (i.e. V f +V m +V c = 100 cm 3 ) for all sand-sized mixtures. Figure D1 : The setup used to measure effective porosity (φ ) in the laboratory. This apparatus includes [1] a burette to decant water into the test chamber, and [2] a threecomponent sediment mixture in the test chamber.
APPENDIX E: Detailed Permeametry Procedures
Constant head permeametry has been shown to produce repeatable, accurate permeability data when used by Kamann et al. [2007] , Phillips [2007] , and Conrad et al. [2008] . Using Darcy's Law, the intrinsic permeability (k) can be computed. Figure E1 shows all components of the constant head permeameter apparatus. The permeameter tube is emptied, and then repacked with sediment that has been mixed in the appropriate volume fractions. This is done three times for a total of 27 measurements (three measurements at discharges of 100 mL, 200 mL, and 300 mL under three gradient conditions for three packings).
